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ABSTRACT 
 
During launch, a spacecraft undergoes loads ranging from quasi-static to highly transient or 
harmonic low frequency events, from higher frequency shock loads to acoustic excitations. In order 
to reproduce such a dynamic diversity, fixed base sinusoidal tests, wide band acoustic loading and 
different regimes of shock testing are implemented in the test facilities. In this article, the main 
focus is on fixed base sinusoidal tests, fundamental for a number of reasons, including 
demonstrating that the satellite can withstand the low frequency dynamic environment and 
validating the mathematical model which will then be also used for coupled load analysis purposes. 
For the latter, a post-test correlation process is carried out and the basic assumption is trusting the 
experimental results obtained from shaker testing. In reality, some of these assumptions (e.g. 
“infinitely” stiff boundary and inertial properties of the shaker) are not correct, as for the kind of 
applications treated in this article experimental results are significantly affected by boundary 
flexibilities, modes of the shaker/head expander and non-perfect implementation of the control 
algorithm in the electronic hardware. In the last decade, there has been a growing interest in virtual 
testing, with the long-term view to use simulation as substitute for the majority of testing, but 
currently under investigation for pre-test response predictions and post-test correlation. Here, the 
satellite is mathematically modelled along with the shaker and the control system. In this article, in 
particular, a simulation capability of longitudinal closed loop control simulation of the ESA electro-
dynamic shaker (QUAD) flexible body coupled with a test specimen (Bepi Colombo) flexible 
model is developed. This shows how significant the differences are when looking at the analytical 
results from two different perspectives (standard Finite Element Analysis and Virtual Testing 
implementation). The focus of this article is specifically on post-test correlation: correlation 
methods are used for both procedures and results show significant improvements when the satellite 
Finite Element Model undergoes the virtual testing approach. 
 
 
1. INTRODUCTION 
 
Finite Element (FE) correlation has undergone a lot of research in the last few decades with the aim 
of having a FE model of the spacecraft fully representative of the one under test to be then utilised 
for Coupled Load Analysis. Many methods have been developed in the literature: examples of the 
most notorious ones are given by comparisons of the structure’s mode shapes (i.e. MAC [1]) or 
direct comparisons of the frequency response functions at specific locations (i.e. FRAC [1]). All 
these methods, though, start from a very simple assumption: we want to match the dynamic 
behaviour of our FE model with the one of the structure under test. Making this assumption is 
erroneous as there are many factors that actually affect the dynamic behaviour of the structure under 
test and inserting directly the experimental results into our computations would lead us to the 
construction of a wrong FE model. 
Among the factors affecting the test, the main contributions are given by the shaker, which is likely 
to have a dynamic behaviour of its own (especially the ones dealing with big satellite structures) 
coupling with the structure under test, and the non-perfect control system. Recently, a new approach 
has been taken by the research community, which includes these two particular factors among the 
computations: Virtual Testing (VT). In a VT context, nothing is changed experimentally (despite 
this being the defected side of the correlation), but all the sources of error are inserted into the 
calculation of the results computed by the FE analysis. The correlation activity is now performed 
with experimental and computational results, both affected by the same sources of error and 
therefore leading to the construction of a FE model of the satellite correctly representing the 
dynamic behaviour of the sole tested structure. 
VT is a technique where the testing facility is modelled in its three components: the shaker, the 
control system and, of course, the satellite structure. The VT procedure allows: i) accessing the 
simulation data to understand projected test outcome in terms of boundary condition effects, test 
item control issues and other effects; ii) having access to a simulation tool, in a post-test application, 
where the aim is to develop a validated FE model where test hardware influences, boundary 
condition effects or shaker control influences may be “filtered out” to obtain a mathematical model 
devoid of such test hardware influence and therefore more suitable for the validation of the satellite 
FEM. 
A few implementations of virtual testing procedures are presented in the literature [2-3]. In this 
article, the procedure will be described and implemented simulating the longitudinal test of 
BepiColombo (property of Airbus Defence & Space) on the ESA QUAD Shaker [4-5] with LMS as 
control system. Results will be compared with running simulations using the classic approach and 
conclusions will be drawn from a correlation point of view, showing the significant improvements 
provided by the VT implementation. 
 
 
2. VIRTUAL TESTING SETUP 
 
As stated in the introduction, the VT setup is produced modelling three different components: 
shaker, control system and spacecraft. Here, FE modelling is used for both the shaker and the 
satellite, whilst a Simulink approach is taken for implementing the testing process with the 
inclusion of the control system, provided by LMS as a “black box”. In the following sections the 
main components and the final implementation will be described in detail before showing the final 
correlation activity.  
 
 
QUAD 
 
The QUAD (Fig. 1) is an electro-dynamic based shaker system designed to test hardware along the 
vertical axis. It has a working area of 3x3m and can test items up to 10t with input performances of 
up to 12.5g for structures between 500 and 2000 Kg. 
 
 
 
Fig. 1. QUAD shaker (inside on the left and CAD model on the right) 
What is of critical importance for the purposes of this study is the dynamic behaviour of the table 
where the satellite structure is tested. For this reason, a modal analysis was run on the validated FE 
model of the QUAD of property of ESA. From the list of modal frequencies obtained, it can be 
observed that there is a significant number of them which are below 100 Hz, which is the frequency 
up to most of the spacecraft are tested when placed on QUAD. Most of these frequencies, though, 
are actually local modes of internal shakers or seismic mass and they do not affect the behaviour of 
the table, with some exceptions. 
 
 
 
Fig. 2. Mode shapes of resonance frequencies at: 20.9, 49.1 and 59.7 Hz 
 
Fig. 2 shows some of the aforementioned local modes. As it can be observed, the table is always 
depicted with colour blue, which means that the eigenvector values for those specific mode shapes 
are null and therefore in this configuration (i.e. empty table) no excitement of the mode in the table 
location can be produced wherever the forces are applied. 
 
 
Fig. 3. Mode shapes of resonance frequencies at: 59.1 and 59.2 Hz 
 
On the other hand, as shown in Fig. 3, two resonance frequencies at approximately 59 Hz are found 
to be exciting the table of the QUAD. In particular, they are two rocking modes which can deeply 
affect the results of the vibrations tests and this will be shown in later sections. 
 
 
 
Fig. 4. Mode shapes of resonance frequencies at: 82.6 and 98.7 Hz 
 
Heading towards higher frequencies, the modes of the table couple with the modes of the seismic 
mass (Fig. 4), but at this point there will be some influence only at higher frequencies, which are 
usually of less interest for spacecraft vibration test purposes. 
 
 
BEPI COLOMBO 
 
As practical application, the ESA/JAXA corner stone mission, BepiColombo, will be used as it is 
one of the spacecraft being tested on the QUAD shaker, as shown in Fig. 5. 
 
 
 
Fig. 5. BepiColombo tested on QUAD shaker 
 
Fig. 6. FE model of BepiColombo 
 
A FE model of BepiColombo has been made available by Airbus Defence & Space and it is shown 
in Fig. 6 along with its vibration test adapter which is denoted at the base of the FE model by 
NASTRAN PLOTEL type elements linking specific degrees of freedom of the adapter in a Craig-
Bampton form. 
With a range of interest for this study up to 100 Hz, 350 natural frequencies of BepiColombo are 
found after running a modal analysis of the structure. Focus will be given here on the main modes 
of the structure. In particular, bending modes of BepiColombo are found at 12.7 and 13 Hz and they 
are depicted in Fig. 7. These are the most likely modes to couple with the rocking modes of the 
table of QUAD. 
 
   
Fig. 7. Fundamental bending modes of BepiColombo (12.7 and 13.0 Hz) 
 
 
3. VIRTUAL TESTING SIMULATION 
 
The two FE components described in the previous section are joined to the “black box” of the LMS 
control system through a Simulink model to run the full VT simulation, but as a first step the two 
FE components need to be linked together and a preliminary analysis only on the coupling of the 
two elements already shows a significant difference in the results created by the dynamic behaviour 
of the shaker. 
 
 
 
Fig. 8. FE models of BepiColombo and QUAD connected together 
 
Fig. 8 shows the FE model of BepiColombo and QUAD linked together through 24 rigid 
connections to represent the real attachments used in the test facility. A modal analysis was run on 
the full FE model obtaining the mode shapes of the resonance frequencies of the whole structure as 
a result. 
 
Fig. 9. Mode shapes of the fundamental bending modes of BepiColombo on QUAD (10.4 and 10.6 Hz) 
 
In Fig. 9 two of these mode shapes are plotted and they can be recognised as being the two 
fundamental bending modes of BepiColombo. The only difference is that now these frequencies 
have decreased and are now at 10.4 and 10.6 Hz (instead of 12.7 and 13.0 Hz, respectively). In 
terms of percentage, this is equal to a more than 20% shift, which is very significant and can lead to 
a completely erroneous correlation of the FE model of the spacecraft. 
These two resonances are not the only ones affected by the dynamic behaviour of the shaker table. 
Analysing in more detail the modal analyses run on the two configurations, it can be concluded that 
about 20% of the mode shapes are affected by it. Among these, 15% of them observe a shift in the 
frequency they are excited at, and 5% are actually completely different mode shapes or new mode 
shapes created by the coupling between the two structures. 
This will be clearer after running a full VT simulation and being able to observe the differences in 
the final frequency response functions, which is mostly what is of interest. 
 
 
 
Fig. 10. Simulink model of the VT simulation for QUAD 
 
Fig. 10 shows the full Simulink implementation that needs to be run in order to reproduce the same 
procedure as it happens in the test facility. The FE model of the spacecraft linked to the shaker is 
reduced to state space matrices and introduced in the Simulink model of Fig. 10, where also the 
LMS control system is inserted as a “black box”. Measured delays are also introduced as inputs and 
post-processing calculations are implemented in order to convert that final data from time to 
frequency domain. As an example in this article, one of the accelerometers’ locations during the test 
is used and its measurement compared to both the configurations described here: FE model of 
BepiColombo grounded and full VT run. This comparison can be observed in Fig. 11. 
 
 
 
Fig. 11. Frequency response functions of one location for the two different computational implementations 
compared to test 
 
In Fig. 11 the test measurement is depicted in blue and it is compared to: i) FE model of 
BepiColombo grounded in red; and ii) full VT simulation in yellow. Firstly, it can be noticed how 
the fundamental bending mode of the red line (at about 13 Hz) is corrected by the VT 
implementation in yellow, showing up now at about 10.5 Hz, which is the same value observed 
during the test. As described in previous sections, this is given by the coupling of the spacecraft 
with the shaker table. There are also many other areas that are predicted differently with the two 
methods and this is a mix of dynamics of the shaker table and behaviour of the control system, 
which is non-perfect. Overall, the yellow curve looks closer to test results than the red curve and 
this will be proven by the correlation activity described in the following section. 
 
 
4. POST-CORRELATION ACTIVITY 
 
In the previous sections it was shown how the VT implementation can improve the comparison with 
test data and how avoiding taking into account the issues related to shaker table dynamics and non-
perfect control could lead to a significantly erroneous validation of the FE model. In this section the 
mentioned improvement will be quantified and a method showing how to take VT into account for 
post-test correlation will be described with the practical example of BepiColombo on QUAD. 
The two methods chosen to compare experimental and computational data are the Frequency 
Domain Assurance Criterion (FDAC [1]) and the Frequency Response Assurance Criterion 
(FRAC). The FDAC has been chosen as replacement for MAC (Modal Assurance Criterion) for two 
reasons: i) there is a very high modal density in these computations which makes difficulty and 
likely to be erroneous to compute the mode shapes from the experimental data; ii) the interest is 
actually on how the structure behaves at a specific frequency and it is very likely that the behaviour 
at that specific frequency is given by the sum of contributions of multiple mode shapes. 
FDAC values can be computed for each frequency step and plots can be built to compare several 
configurations. In particular for this application, three configurations were chosen: i) FE model of 
BepiColombo grounded compared to test data (blue); ii) FE model of BepiColombo coupled to the 
QUAD shaker compared to test data (orange); iii) full VT simulation compared to test data (grey). 
The following graphs show some frequency ranges of the full graph and were chosen to point the 
attention to three different cases that can be met when using this method. 
 
 
Fig. 12. Comparison of FDAC values calculated for frequencies between 10 and 15 Hz 
 
Fig. 12 shows the FDAC values obtained for frequencies from 10 to 15 Hz. It is clear that the blue 
curve has a drop from 0.96 to 0.6 at about 13 Hz, which means that the correlation around that 
frequency is not good. As thoroughly explained in the article, this is given by the shaker table 
dynamics that cause the shift of the first fundamental bending mode of BepiColombo. This is the 
reason why the drop happens only in the case of FE model of Bepi grounded and not in the other 
two cases, where BepiColombo is coupled to the QUAD shaker. 
 
 
Fig. 13. Comparison of FDAC values calculated for frequencies between 20 and 24 Hz 
Fig. 13 shows the FDAC values obtained for frequencies from 20 to 24 Hz. As opposed to the 
previous case, the drop is observed also for the orange curve, which means that the mismatch is not 
created by the coupling between spacecraft and shaker table. The grey curve, on the other hand, still 
keeps showing good FDAC values. This demonstrates that the issue is not in the FE model of the 
satellite structure as it would be expected reading the experimental data, but the control system is 
creating uncertainties which affect the measurement data. 
 
 
Fig. 14. Comparison of FDAC values calculated for frequencies between 80 and 85 Hz 
 
Finally, Fig. 14 shows the FDAC values obtained for frequencies from 80 to 85 Hz. In this last case, 
the drop is observed in all the three scenarios, which means that the test facility is not actually 
affecting the final correlation and the issue is given by the FE modelling of the spacecraft, which is 
anyway expected for frequencies this high as the satellite structure is extremely complex. 
Building a graph for the whole frequency range following the steps described above means having a 
good overview of the causes of eventual bad correlation. Problems caused by the coupling to the 
shaker table and by the non-perfect control can be screened out and the focus can be redirected to 
the only areas where it is clear that the test facility is not affecting the behaviour of the spacecraft. 
 
 
Fig. 15. FRAC difference in the values when running classic analyses and implementing VT 
The important contribution produced by the implementation of VT can be clearly observed using 
another correlation method, the FRAC. Here, direct comparison of the frequency response functions 
are produced and it can be quantified how closer we get to the test results when including VT in our 
computations. Fig. 15 shows the difference in FRAC values observed in the two different situations. 
On the x-axis are the 363 output locations considered for this study and on the y-axis the FRAC 
difference in different colours depending on the output direction (x-blue, y-red, z-yellow). A 
positive value means that the FRAC calculated after implementing VT has improved, a negative 
values means that it has worsened. 
From Fig. 15 it can be observed that only 6 output locations out of 363 experience a decrease in 
FRAC when VT is implemented. This means that in more than 98% of the cases VT improves the 
correlation, and significantly as the average improvement is of 0.2.  
 
 
5. CONCLUSIONS 
 
In this article, an introduction on virtual testing for spacecraft vibration testing was given with the 
description of the overall concept and its main components. The virtual testing procedure was 
described with use of the practical application of the spacecraft BepiColombo on the ESA shaker 
QUAD. Preliminary results of the coupling of the two elements were given, highlighting the main 
differences created by the dynamics of the shaker table. A correlation study was also presented here 
comparing the different scenarios given by the introduction in the computational analyses of the 
coupling with the shaker and the implementation of the non-perfect control utilised in the testing 
facility. Results were presented showing how the application of virtual testing improves the final 
correlation of the FE model of the satellite structure. Finally, a method to accurately recognise the 
causes of bad correlation at specific frequency ranges was described and applied to the same 
practical application. 
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